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Abstract

Adeno-associated viruses (AAVs) are at the forefront of biopharmaceutical development as
gene therapy vectors. The successful approval of these medicines requires robust
characterization including an assessment of therapeutic gene content. Using ion mobility—
mass spectrometry (IM-MS) techniques, we determine empty:full capsid ratios and explore
structural differences in AAV particles relevant to payload. With drift tube IM-MS, we
demonstrate that empty capsids, while slightly smaller, present more conformational
variability than full capsids. This method also resolves two partially filled capsid species with
intermediate masses, between that of empty and full capsids wherein the lower mass feature
is conformationally more like empty and the higher mass feature appears highly similar to the
full capsid. We present data using travelling wave ion mobility (TWIM) operated under
conditions that limit or favour the mass-to-charge ratio (m/z) dependence on ion transit time
through the drift cell via the velocity relaxation effect. This permits separation of empty and
full capsids in the absence of mass spectrometry information, providing a new approach to

study conformational and mass differences in super massive particles.
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Introduction

Adeno-associated viruses (AAVs) are attractive targets as vectors for gene therapy; they have
low immunogenicity and low pathogenicity as, to date, no isolated AAV serotype has caused
infection to a human host.1 The AAV capsid has a symmetrical T=1 icosahedral geometry
and is composed of 60 subunits of three viral protein (VP) constructs: VP1, VP2 and VP3. The

VPs are formed from the same mRNA transcript with alternative splice patterns, thus having
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the same base sequence (VP3), with two additional N-terminal protein lengths derived from
earlier open reading frame expression start points (VP2 and VP1).*> The commonly reported
average capsid VP ratio of 1:1:10 reflects relative concentrations of VP capsids in solution and
corresponds to a mass of ~3.7 MDa.® Many human and primate AAV capsid serotypes have
been identified that have different tissue tropisms due to diverse interactions with host cell
receptors, which makes them increasingly attractive for more targeted gene therapy
approaches.”” AAVs cannot replicate without co-infection with other viruses and as such,
recombinant AAV (rAAV) capsids are replication incompetent, with viral DNA removed.? For
biopharmaceutical companies producing recombinant AAV (rAAV) gene therapies,
development of robust characterisation methods that quantify the therapeutic gene content
of the capsids is necessary to obtain approval from medicine agencies.'%'! Processed samples
are a heterogeneous mixture of viral capsids containing: an intact genome (full); capsids with
no genome (empty); and capsids with a partial genome construct or hcDNA (partial).
Additionally, we can observe overpackaged capsids where the contained genome is larger
than the intended gene of interest (GOI). This could be multiple copies of a small GOl which
does not reach the packaging capacity of the AAV capsid, thus more copies are inserted.'?13
In addition, varying stoichiometries of the VP subunits in the assembled capsids provides
more sample complexity.’* Analytical ultra centrifugation (AUC), cryo-electron microscopy
(EM), mass photometry and size exclusion chromatography with multi-angle light scattering
(SEC-MALS) are all currently used for AAV sample characterisation.'>” These techniques can
distinguish the ratios of the major capsid species but have limitations, such as requiring large
sample volumes, cost of use, long measurement time scales or inability to distinguish

partially-filled capsids.'8°

Mass spectrometry (MS) is a widely used analytical technique that requires low sample
consumption, with the capability to examine intact, non-covalently bound species and
provide useful structural information. As such it has increased applicability for the study of
different classes of megadalton (MDa) sized biological complexes including intact viruses.
Electrospray ionisation (ESI) permits gentle transfer of large biomolecules into the gas phase,
maintaining non-covalent interactions such that these intermediate and native complexes can
be studied.?%?! Pioneering work over the past 20 years by Ashcroft, Heck, Jarrold, Robinson

and Uetrecht, amongst others, has furthered the use of mass spectrometry to examine intact
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viruses.??72¢ Much of this has focussed on development of methods and instrumentation to
study assembly and report on intact stoichiometries including the bacteriophage MS2 capsid

(2.5 MDa)?’, and the Prohead-1 capsid head from the HK97 bacteriophage (18 MDa).?®

Hyphenated MS methods have also been employed including hydrogen deuterium exchange
(HDX)-MS, which has been applied to study in vitro binding of monoclonal antibodies to
hepatitis B virus (HBV) capsids.?’ Coupling to liquid chromatography (LC) prior to MS analysis
can provide structural information on the primary sequence of viral capsid subunits, and such
approaches are used to routinely characterise gene therapy products. An example of this is
the use of hydrophilic interaction chromatography (HILIC) to identify VP variants from AAV

serotypes as well as those that differ due to post-translational modifications (PTMs).3°

The analytical challenges posed by large heterogenic assemblies, as well as the importance of
such measurements have catalysed developments in charge detection (CD)-MS, in both
purpose built and modified instruments.31-33 Different pathways in the assembly of MDa HBV
capsids were revealed by directly measuring the charge of the subunits and assembled intact
species to then determine the mass-to-charge ratio (m/z).2* For rAAVs, the VP assembly into
the native capsid has recently been examined with CDMS using an Orbitrap and described as
stochastic, resulting in capsids with a high degree of heterogeneity in VP ratio, where the
most abundant capsids represents less than 2.5% of the total population.3*3> Using an ion
mobility enabled Q-ToF instrument fitted with an electron capture dissociation (ECD) device,
individual reduced charge states of AAV5 have been resolved by employing electron-capture
charge reduction, resulting in mass distributions.3® A similar method was later employed on
Orbitrap instrumentation to resolve individual charge states of AAVS8.3” Stability and
dissociation of AAV capsids has been studied with a variable temperature (VT)-CDMS
instrument, revealing that at high temperature full AAVs eject their genetic cargo first,
forming empty capsids before final capsid dissociation into component VPs.3® Additional
CDMS work has explored possible truncations of the therapeutic gene content of rAAVs,
significant in the characterisation of these gene therapy vectors.3® Such complexities in the

product pose a challenge for quality control and drug efficacy.
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Large particles in IMS devices

In this report we focus on ion mobility spectrometry (IMS) technologies for analysis of AAV
capsids. IMS measures the movement of ions through an inert buffer gas induced by the
electric field. Two commonly used implementations of IMS are drift tube IMS (DTIMS) and
travelling wave IMS (TWIMS). Both technologies are often coupled with MS detection (e.g.
DTIM-MS and TWIM-MS) and have been reviewed extensively.*%*! In DTIMS, a linear electric
field (E) is applied across a drift tube of a given length. The mobility of ions (K) can be found
by measuring their transit time through the tube. Under a so called ‘low field limit’,*? the ions

drift at their terminal velocities (vp) and K is the proportionality constant between vp and E:
UD = KE (1)

K depends on ions charge (q), buffer gas number density (N), temperature (T), reduced mass
of ion and gas molecules (), as well as their collision cross section (CCS). The latter parameter
informs on the conformational preferences of an ion. When used in conjunction with a mass
spectrometer as a detector, the hybrid technique of DTIM-MS provides m/z as well as

measurement of K, from which it is possible to estimate the CCS of the ion.*

ccs =24 |22 (2)
16N | ukgT K

Commonly, the mobility of an ion, and therefore it’s CCS, is determined by taking a series of
measurements at different field strengths, discussed elsewhere.*** In recent decades, there
have been significant developments in the application of DTIM-MS to increasingly larger

molecules.*®

The introduction of radio frequency (RF)-confinement*’ facilitated the efficient transmission
of high-mass ions.*®4° An RF-confining DTIMS cell was used to measure CCS values of a range
of protein complexes, including the large ~801 kDa GroEL complex.”® A similar device was
used to study biopharmaceutical antibody collisional cross section distributions (CCSDs) to
probe conformational spread.>! A variable temperature (VT) DTIM-MS instrument utilising a
modular linear drift cell surrounded by a cooling copper coil and a metal encapsulated
resistive heater coil>? explored the structural changes experienced by monomeric proteins at
freezing temperatures in the gas phase®® and was employed to study the conformational

changes upon thermally activated dissociation of large protein complexes including serum
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amyloid P component (SAP).>* Despite these developments, there are no reports of the use
of DTIM-MS to study native virus assemblies due to the difficulties in transmitting MDa

species through such instruments.

TWIMS has a similar configuration to DTIMS, where ions drift in a cell in the presence of a gas
under the influence of electric fields. However, TW-induced ion transport involves a perpetual
cycle of acceleration and deceleration, where ions are pushed and overtaken by sequential
waves.>>>® During each cycle, ions will approach (but not reach) the terminal drift velocity
dictated by their K. This ‘velocity relaxation’ effect has been encountered in the past, notably
in the ‘field reversing’ experiments of Johnsen and Biondi, who correlated the relaxation time
to the product of an ions’ m/z and K.>” Akin to this, the weak m/z dependence of TWIMS
separation has been noted.® Consequently, calibration of standards with absolute mobilities
previously determined via DTIMS is necessary to ascertain CCS values for analyte ions in a

TWIMS cell, which can then be compared between different instruments and laboratories.>®

TWIM-MS was commercialised almost 2 decades ago®-®? and used extensively since to study
high mass molecules. Devine et al. have reported that non-globular proteins may be less
conformationally robust and hence be subject to gas-phase compaction within the TWIMS
cell, leading to underestimation of the size and shape of the molecule compared to its native
structure, similar effects have been noted for monoclonal antibodies and many other proteins
and protein complexes.®*%* The advantages of TWIM-MS to study viruses were apparent over
ten years ago when it was used to monitor MS2 capsid assembly, whereby homo-dimer coat
proteins form hexamer or decamer intermediates on the pathway to forming the full T=3 180
copy number capsid.?> TWIM-MS was also applied to study the assembly of HBV and
Norovirus capsids where molecular modelling software MOBCAL was used to validate

experimental values.®°

We have recently reviewed the use of IM-MS techniques in structural biology, emphasizing
the significant increase in understanding of complex biomolecular structures and dynamics
that these tools can provide.*® With such heterogeneous analytes such as AAV capsids, the
two-dimensional IM-MS analysis can aid in the discrimination between capsid species and
provide additional attributes to support quality assurance of these gene therapy

formulations. In this study we show the first analysis of AAVs with DTIMS, providing CCS
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values for this serotype of capsid. Additionally, we utilise the velocity relaxation effect in

TWIMS to explore TW-based K- versus m/z-dominated separations of empty and full AAVs.

Experimental Details

Sample preparation

AAV samples were provided by Pharmaron Ltd and produced via triple transient transfection
of vector genome, AAV helper and Adenovirus helper plasmids into a suspension cell culture
of HEK293 cells. The additional two samples containing different mixtures of full and empty
AAV8 were obtained from UNC Vector Core and Lake Pharma. For IM-MS experiments, AAV
samples were buffer exchanged into ammonium acetate (150 mM, pH 6.8-7.0) using Bio-Spin
P-6 Gel Columns (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s
protocol. The final sample concentration was approximately 1e®® viral particles/mL as
confirmed by dynamic light scattering (data not shown). All samples contained both empty
and full capsids as is common following manufacture. 10 pL was loaded into either coated
glass capillaries (PicoTip, NewObjective, USA) with 1P-4P coating and a tip size of 4 um, or
borosilicate glass capillaries pulled in-house with a platinum wire inserted into the sample to

confer capillary voltage.

lon Mobility Mass Spectrometry

IM-MS experiments were performed on a Synapt XS fitted with a nESI source (Waters, UK)
with either a TWIMS or DTIMS cell installed. Source conditions were the same for both
experiments and were as follows: capillary voltage was 1.2 kV, sampling cone was 50 V with
a source offset of 2 V. Source temperature was 100°C with a desolvation temperature of
250°C. Drift gas pressure was measured at 2.2 mbar with the capacitance manometer
(CDGO025D, Inficon). For DTIMS, the arrival time distributions (ATDs) were recorded at five
electric field strengths. The mobility was then extracted from the slope of linear relationship
between the arrival time and electric field. Using the expected masses of full and empty AAV,
we estimated the average charge of AAV ions from the mean m/z value of the charge state
envelope. The expected mass, inferred charge and measured mobility were then used to

calculate CCS values, using Mason Schamp equation.*?
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For TW-based separations, we used two sets of operating parameters resulting in low velocity
relaxation (‘K-dominated’) and high velocity relaxation (‘m/z-dominated’). K-dominated
experiments used a TW velocity of 100 m/s and a TW height of 14 V. For m/z-dominated

separations TW velocity was increased to 320 m/s and TW velocity set to 40 V.

A SELECT SERIES™ Cyclic IMS™ instrument was used for higher resolution TW separations.
The source conditions were as above. Cyclic IMS cell (cIM) was operated with TW velocity of

375 m/s and TW height of 30 V, nitrogen pressure was measured at 1.8 mbar.

Data was analysed on MassLynx V4.2, Driftscope V2.9 and Origin 2021b. MassLynx was used
to visualise the IM-MS data which was imported into Driftscope to produce the 2D IM-MS
heatmaps. Extracted ATDs were taken for the different capsid species in the m/z ranges as
follows: empty capsid 20,000-24,000 m/z; first partially filled capsid 24,000-26,500 m/z;
second partially filled capsid 26,500-28,000 m/z; full capsid 28,500-32,000 m/z. Full width at

half maximum (FWHM) values were calculated and plotted using Origin.

Simulations

SIMION (IMI Adaptas, US) was used to evaluate how ions, resembling AAVs, transmit through
the Cyclic IM device, at a range of TW conditions and their m/z values. We simulated a range
of hypothetical, spherical capsids of varying density (assuming the same average charge of
175 and radius of 125 A). The Statistical Diffusion Simulation (SDS) model was used to

approximate collisions of ions with the background gas (1.8 mbar N).6®

Results and Discussion

DTIMS Analysis of AAV Capsids

Data from the DTIMS experiments are shown in Figure 1. In the m/z domain, two main peaks
are observed at m/z ~22,000 and ~30,000. These are in agreement with the prior CDMS
results®” and assigned as charge state envelopes of full and empty capsids respectively. The
individual charge state peaks cannot be discerned in the m/z domain due to the high average
charge and mass heterogeneity of the capsid species as previously reported.3* There are two
minor peaks observed at m/z ~25,000 and ~27,000 and we have assigned these as ‘partial 1’
and ‘partial 2, respectively. We assume that these are AAV capsids which did not incorporate

the full-length transgene, or have incorrectly packaged hcDNA) when they were produced
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and so are heterogeneous mixture containing incomplete AAV genomes, plasmid fragments
or residual host cell DNA.*> The region of low intensity ions below m/z 10,000 is possibly

unresolved capsid proteins, for example the most abundant VP3.

The benefit of performing both IM and MS means it is possible to extract mobility data from
the m/z regions assigned to empty and full capsids, with the 2D DT vs. m/z heat map allowing
visualisation of the different IM profiles. The m/z-extracted DT data is shown on the left-hand
side of the heatmap. While the empty and full capsids, as well as two partially-filled capsid
species can be separated via m/z they exhibit similar arrival times. Prior CDMS results showed
a similar average charge of full and empty particles, which is rationalised by their similar
surface area.?” Therefore, it is also expected that both particles would exhibit similar CCS. We
used literature reported values for both charge (average of 155 for all capsid species) and
mass (3.6 MDa for the empty capsid and 5.1 MDa for the full capsid)®’ for our estimations of
CCS. From these values, the CCS was estimated to be 55,600 A2 and 58,900 A2 for empty and
full capsids, respectively. The CCS values converted to radii are approximately 133 A for empty
and 137 A for full capsids, which is in good agreement with findings from cryo-electron

microscopy (EM)®® and atomic force microscopy (AFM).%°
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Figure 1: DTIM-MS data on empty and full AAV capsids. The mass spectrum on the top of the
figure shows the empty, partially-filled and full capsids, highlighted by red, yellow and blue
boxes, respectively. This data was acquired with at electric field of 6.9 V/cm and 2.2 mbar of

nitrogen.

A more detailed analysis of the DTIMS data reveals subtle differences between the ATD
profiles of full and empty particles (Figure 2). The width of the ATD of the empty species is
larger than the width of the full species and exhibits tailing towards longer arrival times. These
features suggest a larger number of conformational states attainable by the empty capsid
and/or conformational rearrangements occurring on the IM separation timescale. This is
consistent with dynamic light scattering (DLS) studies that show the greater polydispersity of
the empty capsid versus the full.”® While this warrants further study, we speculate that these
rearrangements may be akin to an expanding and contracting motion (Figure S1). The
narrower ATD of the full capsid alludes to a more constrained structure; the particles are more

rigid and swollen by the incorporated genetic cargo.’! Interestingly, the ATD of the partial 1
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species exhibits width similar to that of an empty particle, while the ATD of partial 2 is more

like the full particle.

Partial 1
B
X 2
10 12 14 16 18 20
Arrival Time {ms)
Partial 2 [
C |
Full
D

10 12 14 16 18 20
Arrival Time (ms)

Figure 2: Detailed comparison of the ATDs of the four capsid species. The arrival time
distributions (ATDs) of (A) empty, (B) partial 1, (C) partial 2 and (D) full capsids at E=6.9 V/cm,
showing the conformational similarities between empty and partial 1, as well as between

partial 2 and full.
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TWIMS Analysis of AAV Capsids

Representative data obtained on full and empty AAV capsids using the TW separator are
presented in Figure 3. The spectra in the m/z domain appear similar to those obtained using
DTIMS, with two main peaks corresponding to full and empty capsids. Partially-filled species
are not well resolved here, which may be due to the different nanoESI emitters or subtle
sample preparation differences. Due to the time to switch from DT to TWIMS mode the

dataset were recorded a few weeks apart, using different AAV aliquots.

Under K-dominated TW separation conditions (Figure 3A), full and empty capsids are not
resolved in the arrival time dimension, resembling data obtained using DTIMS. The peak apex
of the full capsid ATD is displaced from that of the empty capsid, with the empty arriving
earlier. The heat map for the empty capsid presents a prolate signal, narrow in the m/z
dimension and elongated in the arrival time dimension, indicating a wide range of
conformers. The peak corresponding to full capsid presents a narrower arrival time span than
the empty capsid, agreeing with our observations in DTIMS. Arrival times here increase with
m/z. A low intensity region (yellow box) attributed to partially filled species, has a narrow
spread of arrival times over a wide m/z range, merging with the main peak corresponding to

the full capsid.

Under m/z-dominated TW separation conditions (Figure 3B), the separation between the
ATDs of the two main capsid species is increased, compared to the K-dominated result. The
partially-filled species present as a ‘bridge’ between the two main peaks. The empty capsid
displays a narrower ATD (compared to that in Figure 3A), whereas the full capsid now arrives

over a larger range of arrival times.

The DriftScope heatmap reveals that discrete distributions are not observed for the full and
partially-filled species, instead a 2D band distribution with a curved form is visible.
Interestingly, the 2D profile of the empty capsids clearly extends above the main band. This
is indicative that conformational changes of this particle (causing decrease in K), may alter the
relative influences of m/z and K on TW arrival time (predominately via reduction in o
parameter). The same explanation may be used to explain complex shape of 2D profile of this

particle in K-dominated TW data (i.e. Figure 3A).
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Figure 3: TW separation of AAV capsids under K- and m/z-dominated conditions. The top
traces show the mass spectrum, with empty, partially-filled and full species indicated by red,
yellow and blue boxes, respectively. The black ATD trace on the left side of the heatmaps
shows the total ion count, the red trace shows the m/z extracted ATD for the empty species
and the blue trace shows the m/z extracted ATD for the full species. The heatmaps in the
middle visualise the relationship between m/z and arrival time. (A) K-dominated TW
separation was achieved with a TW velocity of 100 m/s and a TW height of 14 V. (B) Values
for TW velocity and amplitude were increased to 320 m/s and 40 V, respectively for m/z-

dominated TW separation. The nitrogen drift gas pressure was 2.2 mbar.

It is evident that despite residual K-effects, m/z separation of full and empty particles is
achievable in the 25 cm TW cell operating at 2.2 mbar and we highlight the striking similarity
between m/z-dominated TW arrival time distribution and ToF-MS data in Figure S2. TW
devices with longer separation paths and operating at lower pressures are expected to afford
increased resolution of capsid forms with partial DNA. Indeed, data obtained using Cyclic IMS
platform on another set of AAV samples showed resolution of partially filled capsids,
comparable with ToF-MS data(Figure 4), and the 2D heatmap shows a relatively narrow
‘curved’ band (Figure S3). The spread in ATD is relatively small for both empty and full capsids,
in line with very low influence of K on arrival time. We further investigated this trend using
SIMION ion trajectory simulations. Arrival times of hypothetical particles with the same K and
z, but varying density analogous to empty, full and partially filled capsids, within the m/z range
10,000 — 30,000 were simulated and are in agreement with experimental findings (Figure S4).
Expectedly, the separation decreases with TW conditions resulting in lower a parameters
(Table S1). It is worth noting that resolution of partial species between empty and full capsids
may not be possible for all materials as packaging efficiency of AAV capsids is complex.*? In
some cases, a continuum of species may be present rather than distinct populations so
orthogonal methods to confirm partial species is recommended when assessing resolution.
In all, our results suggest that TW-based m/z separation appears adequate for quantification
of the relative abundance of full and empty particles (% peak areas in insets of Figure 4), which

is of high interest in gene therapy analytical laboratories.
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A MixA MixB o B Mix A Mix B
Empty 69% 36% Empty 71% 41% Full
Partial 4% 8% Partial 4% 7%
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Full 27% 55% Full 25% 52%
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Figure 4: Comparison of (A) higher resolution m/z-dominated TW separation and (B) ToF-MS
data achieved on Cyclic IMS instrument using another set of AAV samples. Two mixes of AAV
capsids were assessed, mix A (green) has a higher proportion of empty species compared to
full whereas mix B (purple) has the opposite, with more full species. The ‘?’ region may pertain
to a heterogeneous mix of capsid dimers and trimers etc. with DNA potentially associated that

are breakdown products or intermediate species.

TWIMS theory

Considering the AAV capsid data presented here, we applied the recently described TWIMS
theory from Richardson et al. which details the m/z effects in smoothly-moving TW
separators.”®®0 For a given ion and a chosen set of parameters, separation characteristics of

the TW device were conveniently described in terms of the dimensionless parameters o and

y:
= vm = Yo
a= 2111(/1 . y = 2nK - (3)

Where Vj is the applied TW amplitude, v is the TW velocity and A is the TW wavelength. For
sufficiently small a (low m/z ions), velocity relaxation effects are negligible and average ion

velocity is simplified and given by equation 4:
17=v(1— 1—)/2) (4)

For all a and sufficiently small y (low TW parameters), the average ion velocity is given by

equation 5:

v [)/2 y* 1+10a?+15a* y61+23a2+234a4+1171a6+2291a8+1620a1°]
2 8 (1+a?)?2(1+4a2) 16 4(1+a2)*(1+4a2)2(1+9a?)

(5)
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Therefore, for any combination of operating parameters and ion properties (i.e. a and y), one
can calculate the percentage reduction in ion velocity caused by the velocity relaxation effect
(Figure 5 and Table S2). This metric can be used to quantify the relative contributions of m/z
and K to the TW transit time. From the equations above and Figure 5, it is evident that under
the appropriate TW conditions, transit time of high molecular weight ions can be dominated

by m/z, which is of fundamental interest to measurements in TW devices.
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Figure 5: The percentage reduction in particle velocity caused by velocity relaxation as a

function of a and y in a smoothly-moving TW device. The symbols represent all the datasets

included in this study.

Conclusions

In the present study, we explore the use of ion mobility mass spectrometry to investigate AAV
capsids which are relevant in gene therapy applications. The measurement of the empty:full
capsid ratio can be achieved using MS and also using TWIMS, under the appropriate
conditions. We show that TW-based separation can be tailored to operate in a K-dominated
regime, as well as in a m/z-dominated regime, the latter phenomenon being particularly
interesting for separations of high molecular weight species. These findings are corroborated

using the available TW theory as well as SIMION simulations. As anticipated for DTIMS (where
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a ‘pure’ K-based ion transport is expected) empty and full capsid forms are not separated
from each other. However, assessment of ATD distributions reveals increased structural
elasticity of the empty capsid compared to the full. Not being hampered by carrying genetic
material allows the empty capsid to exhibit greater conformational variation within the IMS
cell, as seen with DLS studies,’® whereas the full capsid is larger and more rigid in shape as it
is packed full of DNA. This has been observed in AFM studies where a full, DNA-packed capsid
showed a sphere-like structure, while an empty capsid showed a 3D ellipsoidal-like structure,
with suggestions that the internal DNA is providing support to the structure of the full
capsid.®®7! We also note the evidence of these capsid differences in TW data, although it is
confounded by K and m/z influences on TW transit time. It remains to be seen whether AAV
particles of other serotypes or those with varying viral protein ratios would exhibit a similar
degree of structural variability. Additionally, DTIMS allows characterisation of the partially
filled capsid species as either empty-like or full-like, based on the ATDs. The ability of IMS to
probe the conformations of these caged structures offers promise for the study of other such
analytes using this method. In all, the IM-MS methods presented in this study offer a quick,
simple and reliable assessment of AAV quality attributes and should be suitable for adoption

in the biopharmaceutical industry.
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